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A compressed natural rubber vulcanizate was exposed to 10a r of
gamms. redistion and allowed to reach its set length at LO°C after rele-
ase from compression. Compression set, crosslinking and scission of the
elastomer network varied with degree of cure.

8 = -0.66 x 10‘18 C, +95.1

(:r-0.26(:‘,‘,-o-21.5x:|.0]'a

vhere 8 = Percent compression set
Qo = Number of vulcanisation crosslinks per gram of specimen
(4egres of vulcanization)
cr-lmlbn'oforounnks ered per gram of specimen in the
compressed state by b o
Aco = Number of vulcanisation crosslinks scissioned per gram by 1o° r.

The average radistion yield (G) for chain scission and for cross-
linking in the dose region from 0 to 10!/ r was 0.75 and 1.3, respectively.
9,10-Fhenanthrenequinone and 1,4-naphthoquinone functioned as anti-rads
at 10° r and reduced comgression set moderately below that predicted
from degree of cure.



The Problem

The problem was to determine the relationship between compression
set induced by radiation and the degree of vulcanization for rubber
specimens, and to determine the ability of various additives to reduce
radiation-induced compression set.

The Findings

Compression set due to a 108 r dose of gamma rediation decreases
linearly fog 92 to T5 cent as the degree of vulcanization increases
from 5 x to 30 x crosslinks per gram of specimen. At 20 x 101-8
crosslinks per gram, the crosslinking density above which specimens are
always tightly cured, compression set is 82 %$. 9,10sFhenanthrenequinone
and 1,k-naphthoquinone functioned as anti-rads at 10° r and reduced com-
pression set moderately below that predicted from degree of cure.
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This report deals with the effect of additives and cure on compres-
sion set, crosslinking, and chain scisgion in an irradiated rudbber vul-
canizate. It is part of a continuing investigation on the interaction
of nuclear radiation with elastomeric materials.l=* These elastomers
are of interest for their possible use as component parts of devices
vhich may be used in prolonged or intense miclear radiation fields on
earth or in space.

It wvas shown previously by the authors that there was a linear re-
lationship between rediation-induced compression set and degree of cwre
of a rubber cynnderzl

8=k +K (1)

vhere 8 = Percent compression set

Co = Number of pre-irradiation crosslinks per gram
k and K = Constants for a particular energy absorbed per gram.

The earlier study wvas based on different degrees of cure which were
the result of the additive, whereas the present study used samples of
identical composition which were cured for different lengths of time.
One ﬁrzu of the mresent study was to confirm the relationship expres-
sed . 1.

Evaluation of an anti-rad can be made by compering the expected values
of compression set, based on the measurement of pre-irradiation cross-
links, to the experimsntal value. If the experimental value is signi-
ficantly less than that predicted. “he added compound can be considered
an anti-rad. If greater, radiation sensitization can be assumed.

The present study also endeavored to evaluate as anti-rads the fol-
lowing types of compounds; aromatic hydrocarbons, hydrasines, phenols,
quinoids, organo-metallics, mercaptans, and amines.



Previous work esteblished a method for determining radiation yields
of chain scission and crosslinking for rubber vulcanizates. This method
combined set and solvent-swelling measurements, and was applied to the
vulcanizates described herein.

EXPERIMENTAL

Test specimens were measured for length, end were compressed, irra-
diated in a nitrogen atmosphere, released, allowed to recover at h0°c,
re-measured for compression set, and then measured for crosslinking by
solvent swelling. Also, initial crosslinking (cure) was determined
using similar specimens. Statistical treatment of the compression set
versus initial crosslinking data egteblished Eq. 1 as the regression
1line relating set and cure at a 10° r dose.

Rubbers

All rubber specimens were cylinders cured in a mold. The dimen-
sions of the mold forms were 0.5-in. depth and 0.425-in. diameter.

Fourteen rubber stocks of identical composition but having differ-
ent states of cure were prepared by varying the cure time. The follow-
ing weight recipe and a 260°F cure were used; deproteinized pale crepe,
100; sulfur, 2; zinc oxide, 3; zinc dibutylidithiocarbamate, 0.25; 2-
mercaptobenzothiazole, O.4; and carbon (Thermax), 50. Tabie 1 shows the
cure times used and the extent of crosslinking they produced.

Also, fifty-six rubber stocks of the sbove composition were prepeared
except that each contained 5 parts of a unique additive to be evaluated
as an anti-rad. Cure conditions were 20 minutes at 260°F, but the che-
mical nature of the additive affecied the degree of cure so that a vari-
ety of cures were ohtalned. Test specimens were similar in recipe,
shape, and preparation to the additive rubbers evaluated for radiation
resistance in the previous study.l The additives tested are listed in
Table 2 along with 47 additives previously evaluated for anti-rad be-
baviorl but re-evaluated herein becsuse of a difference in method of
calculating compression set. The latier are identified by the footnote

symbol b.



Pre-Irradiation Crosslinks and Compression Sets for Rubber Stocks
Without Additives, Cured for Different Times at 260°F

Stock Cure Time Number of Blank Factor Compression
(min) Pre-Irradiation Fb Set®
Crosslinks per

gram, coa

(x 10-18)
1 6.5 7.8 0.917 90.3
2 T 8.1 0.933 90.55
3 7.5 8.5 0.933 90.8
L 8 9.5 0.945 90.2
5 8.5 10.3 0.945 87.0
6 9 10.7 0.959 85.2
7 9.5 14.8 0.968 81.7
8 10 20.3 0.987 82.4
9 15 23.0 0.991 81.6
10 20 23.5 0.995 81.7
11 20 19.3 0.996 80.5
12 25 23.2 0.996 81.0
13 30 22.7 0.996 1.7
b 35 22.6 0.996 T1.5

a. Crosslinking and compression set values are averages from quintupli-
cate experiments.
Blank factors are averages from triplicate experiments.



Compression and Irradiation

Specimens were measured and compressed to 0.375 in. in compression
Jigs, as previously described.l This was done in a nitrogen-filled glove
box so that the specimens were sealed yithin their spacers in a nitrogen
stmosphere. Irradistions tg 107 or 10° r were performed with a cobslt-
60 source which provided 10° r 1%’530 hrs. Dosimetry was done with the
Fricke ferrous sulfate dosimeter.” After irrediation, specimens were
released from compression and allowed to recover for 3 weeks at 40°C
before set length wes measured. Control specimens of each stock were
treated exactly as test specimens, except that they were not irradisted.
The set lengths of the controls were used to calculate blank factors, F
(see section headed "Compression Set"), which were used in the calcula-
tion of compression sets of test specimens.

Compression set and crosslinking data determined for vulcanizates
in the previous study were re-evaluated. These vulcanizates were irra-
diated with gamma radiation from reactor spent fuel elements.

Crosslinking and Radiation Yields

The number of crosslinks per gram of specimens (crosslinking dens-
ity) was determined by the solvent-swelling procedure of the previous
experiment.l Pre-irradiation and post-irradiation crosslinking densi-
ties are denoted by C, and C, respectively. Also determined by those
procedures were the number of vulcanization crosslinks per gram of
specimen remaining after irradiation, Cy; the number of vulcanization
crosslinks scissioned per gram of specimen due to irradiation, AC,; the
number of crosslinks engendered per gram of specimen in the compressed
state by irradiation, C,; and radiation yie of chain scission arnd
crosslinking for the dose region from O to 10! r. The method for deter-
mining radiation yields combines set and solvent-swelling measurements.

Compression Set
Compression set for a test specimen is defined by Eq. 2.

LF - 2 00
Compression set (%) = ( :;T - :: l (2)

vhere £, = Test specimen length before compression.
Lg = Test specimen length after irradiation, release from compres- ’
sion, and recovery.
lc = Test specimen when compressed.
F = Control, or blank factor.



TANME 2
Compression Sets for Additive Rubbders
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The blank factor, F, is defined by Eq. 3

Y ]
F-%Z# (3)

vhere 4gc = Set length far a non-irradiated control specimen.
4oc = Original length for a non-irradiated control specimen.
n = Nupber of control specimens.

When the blank factor, F, approaches unity, Eq. 2 becomes the sim-
plified one used in the previous study.l The vulcanizates evalunated for
compression set in the previous study have been re-evaluated herein.
Their compression sets have been recalculated by using the data of the
previous study in conjunction with Bq. 3.

Perhaps the most significant contributions of this and the previous
study are the quantitative relationships between radiation-induced com-
pression set and cure. The fact that both state of cure and presence
of rubber additives affect compression set makes anti-rad evaluation
more complex than was previously supposed and subject to a wider degree
of experimsntal error.

Cure Study

The relationship between compression set induced by a :I.O8 r dose
and degree of initial crosslinking (vulcanization) has been determined
by two procedures. In Procedure I, rubber stocks were used having dif-
ferent degrees of crosslinking brought about by different cure times.

In Procedure II, stocks were used having different degrees of crosslink-
ing brought about by incorporating an additive.

Figure 1 shows the relationship resulting from Procedure I. The
curve is the regression line of the compression set and crosslinking
data of Table 1 and is defined by Eq. 4:

§ = -0.66 x 10°18 Cc, +95.1 (%)



Procedure I - Cure Governed by Cure Time Rather Than Additives

» 70—
60}—
Sx —0.66 x 107'® Co + 95.1
50—
40 | [ | | | | | | |
5 10 15 20 25 30

Fig. 1 Compression Set at 108 r Versus Pre-Irradiation Crosslinks -
Procedure I.



vhere S = Percent compression set.
Co = Number of pre-irrsdiation crosslinks per gram of cylindrical
specimen.

Each data point remresents the average from quintuplicate compression
sets and quintuplicate solvent-swollen specimens. The blank factor, F
(Bq. 3), wvas determined with triplicates. The standard error in esti-
mating S from C, by Eq. 5 is 2.1.5

Figure 2 shows the relationship resulting from Procedure II. The
curve is the regression line of the expsrimental compression set and
crosslinking data of Tables 2 and 3 (O dose) for those rubbers prepared
specifically for this second compression set study, those not identified
by footnote symbol b in Table 2. The curve is defined by Eq. 5:

18

8 = -0.77 x 107 °C_ + 95.2 (5)

Each data point represents the average from triplicate compression sets
and triplicate solvent-swollen specimens. The blank factor (Eq. 3) vas
determined with triplicates.

The relationships between compression set and initial cure defined
by Eq. 4 (Procedure I) and Bq. 5 (Procedure II) have identical inter-
cepts and vary by 14 % in slope. This is a reflection of the fact that
the majarity of the chemical additives in Procedure II exhibited little
or no anti-rad or radiation-sensitizing characteristics. Procedure I,
involving no chemical additives, is considered to be the more basic mro-
cedure; accordingly, Eq. 4 is used herein for predicting compression
set values from corsslinking values.

The relationship between compression set and initial cure was also
determined through Procedure II by combining deta of the previous and
present study, that is, by using compression set and crosslinking data
for all additive rubbers listed in Table 2. The data of the previous
study were made to conform to those of the present one by re-caloulating
comgression sets for unheated specimens. Equation 6 is the regression
line.

18

8 =-0.88x10C +97.5 (6)

Equation 6 is not considered as reliable as Eqs. 4 and 5, since the
crosslinking values of the previous study were determined with only a
single specimen.

10



. Procedure II - Cure Governed by Additives

90

80

»n 70

60— .
$s—077x107® Cot 95.2 *
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40 | 1 | | | I 1 | ] 1
5 0 1 20 25 30

Cox107"®

Fig. 2 Compression Set at 108 r Versus Pre-Irrediation Crosslinks -
Procedure II



Anti-Rad Study

Anti-red behavior is demonstrated when the experimental compression
set is significantly less than that predicted from the initial cross-
linking by Bq. 4 (Pig. 1). A comparison of experimental and calculated
compression sets in Table 2 shows with 95 % confidence that phenanthre
equinone and 1,l4-naphthoquinone definitely qualify as anti-rads at a 1
r dose, but that the following additives barely qualify at this level
of confidence and are, thus, of questionsble status: 2, 2'-bipyridine;
acridine; l,2-naphthoquinone; 1,3-di-o-tolylquanidine.

It is of interest that 9,10-phenanthrenequinone and 1,4-naphthoquin-
ong exhibit anti-rad behavior, decreasing compression set in rubber at
10° r; that 1l,2-naphthoquinone barely or questionably does; and that 1,
L-benzoquinone and anthraguinone do not.

2,2-Diphenyl-l-picrylhydrazyl was not an anti-rad. This material
exists completely as diphenylpicrylhydrazyl radicals in the solid state.
One would expect these radicals in a vulcanizate to react with free
radicals produced in the rubber hydrocarbon by irradiation and, thus,
block radical-engendered crosslinking and scission. Probably diphenyl-
Plerylhydrazyl radicals were never present in the vulcanizate, having
been destroyed by reacting with radicals produced in the rubber by mille
mixing and curing.

No anti-rads have ever been found vhich will perform at a 109 r
dose. Because 109 r would require a 5300-hr expo to the cobalt-60
source, the potential anti-rads were scr:cened at r with the intention
of testing at 109 r those which showed promise. 9,10-phenanthrenequin-
one and 1,4-naphthoquinone qualify for testing at 109 r. anti-rads
vhich cause an appreciable reduction in compression set at 10 r would
be of practical value.

Chain Scission and Crosslinking

The total mmber of crosslinks per ?’m for a compressed specimen
before irradiation and after doses of 10! and 108 r are given in Table 3.
These data show that, depending upon the additive, crosslinking may pre-
dominate over or be balanced by chain gcission up to 107 r, but that
crosslinking predominates at 10° r. Crosslinking increases enor-
mously between 10° and 109 r » 80 that specimens become brittle or glassy,
or shrink to give compression sets over 100 %.

Table 3 gives radiation yields for scission of the original network
and radiation yields for concurrent crosslinking to form a new network
conforming to the compressed state. These yields, G(8) and G(C),
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respectively, are defired as the number of chains scissioned or net
crosslinks formed per 100 ev of absorbed energy. G(S) and G{(C) do not
vary significantly with additive. They accord well with the yields of
the previous repoart ,l and the average values of Table 3 are 0.75 and

1.3, respectively. Radiation yields were determined by the method com-
bining compression-set and solvent-swelling measurementsl for 107 r.
They are not determined with a dose as great as 10° r because their non-
linearity with dose leads to an unrealistic average value. They are

not determined with a dose less than 107 r because specimen set would

be too small for reliable measurement. FRurthermore, they are not deter-
mined reliably when there is appreciable specimen flow under compression,
since the equation (Eq. 11, ref. 1) that incorporates the set length 2,
and is required for calcuiating radiation ylelds is theoretically inap-
plicable when specimens flow. Specimen flow is revealed by blank factors
vhich depart significantly from unity. This inapplicability is actually
seen vhen values of G(S) twrn out to be negative in cases where specimens
flow. The blank factors of Table 1 show that specimen flow is signifi-
cant below a pre-irradiation cross-linking density of 20 x 1018 cross-
links per gram.

Both the mmber of pre-irradistion (vulcanization) crosslinks scis-
sioned by radiation and the number of crosslinks formed by radiation in
the compressed state depend upon the degree of initial cure. The rela-
tionships are defined by Eqs. i and 8, and are depicted in Fig. 3:

& = 0.60 c, + 2.k x 1018 (7)
C.= 0.26 C, +2.5x 10'1'8 (8)

vhere C ° = Number of initial (vulcanization) crosslinks per gram of
specimens. . .
AC = Number of vuleanization crosslinks scissioned per gram of
specimen by 10° r.
C.. = Nunber of crosslinks engendered per gram of specimen in
the compressed state by 1P r.

These curves are the regression lines of the data for &Cq, cr, and c:o
in Teble 3, except that the data for 9, lO-phenanthrenequinone, 1,4-
naphthoquinone, and 1,k4-benzoquinone were omitted since the former two
were anti-rads and the latter had a low cure conducive to specimen flow.
These relationships result from the fact that as initial crosslinking
density increases, the probability of scission increases and the proba-
bility for crosslinking increases due to greater proximity of hydrocar-
bon chains.



N
[¢]

c, x107"® or AC,x107'®

l | | | |
15 20 25 30
Cox 10”18

3%

Fig. 3 Crosslinks Formed in Compressed State (C,) by 108 r Versus Pre-
Irrediation Crosslinks

and
Vulcanization Crosslinks Scissioned (AC,) by 108 r Versus Pre-
Irradistion Crosslinks
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Anti-rads may be identified by incorporating them into pellets amd

measuring the sum of AC, and C... There is evidence of anti-rad behavior
vhen the experimental sum is sig:iﬂcantly less than that predicted from
Eqs. 7 and 8 on the basis of degree of cure. The basis for this is

that cleavage of the initial (vulcanization) network and crosslinking
to form a new network of the compressed state both promote set. An
anti-rad mst function by minimizing these processes which are measured
by ACo and Cp. 9,10-Phenanthrenequinone and 1,4-naphthoquinone were
identified as anti-rads by means of compression set. Their values of
(&0, + Cp) are 36.9 x 1010 and 30.1 x 1015, respectively (Table 3),which
are below the values predicted from degree of cure (50.6 x 1019 and

LL4.7 x 1018, respectively) and which differ from the predicted values

at the 95 % confidence level.
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